T he ability to produce haploid and doubled haploid (DH) plants by using anther or microspore culture is a tremendous asset in genetic studies and practical breeding, as it is an effective method to generate plants that are homozygous at all loci. These techniques are available for many plant species for generating viable embryos and whole plants. However, particularly for cereals, albinism is still a serious impediment in realizing the full potential of these techniques (Larsen et al., 1991; Immonen 1999; Jacquard et al., 2003; Szarejko, 2003; Kiviharju et al., 2005; Cistué et al., 2009; Makowska and Oleszczuk, 2014) . Further improvements of the protocols and culture methods are needed to overcome the problem. Green plant recovery is reported to be partly genetically controlled. In some genotypes, all plants generated via pollen or microspore culture were found to be albinos (Caredda et al., 2000) . In barley, winter cultivars produced higher numbers of green DH plants than spring cultivars ( Jähne et al., 1991; Cistué et al., 1999; Akula et al., 1999) . The winter barley cultivar Igri, which is often used as a model genotype in barley androgenesis studies, showed the highest production of green double haploid plants (Kasha et al., 1990; Jähne et al., 1991; Castillo et al., 2000; Li and Devaux, 2001; Guasmi et al., 2013) .
Albinism is reported to be caused by the lack of proplastids that transform into chloroplasts. Caredda et al. (2000) found
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ABSTRACT
Albinism is a major limitation in the production of doubled haploid plants in cereals. As this trait is partly genetically controlled, the culture method has to be adapted to the plant genotype to reduce albinism. We have improved green plant recovery in the Northern barley (Hordeum vulgare L.) spring cultivar Mitja from 6 to 42% by altering the culture method and composition of the culture media. In a new three-step protocol, the addition of casein hydrolysate to an intermediate regeneration medium gave the highest number of green plants. The shoot and root growth medium used for germinated embryos was superior to the standard media reported in the literature for root formation and shoot growth. our modified method has merit for testing with other recalcitrant genotypes in anther and isolated microspore cultures.
structural differences in plastids between Igri and the spring cultivar Cork. Using a standard two-step protocol, Igri was the most efficient genotype (more than 75% green plant recovery) in generating green plants, which was also observed in our study (unpublished data). However, albinism is a serious problem for haploid and DH plant production in most barley cultivars. One of these cultivars is the modern high-yielding two-row spring cultivar Mitja. It is cultivated in northern latitudes in Scandinavia and it shows high levels of adaptation to diverse abiotic environments. This spring barley cultivar is, therefore, a potential genetic resource for future barley breeding programs and for genetic analysis of adaptation differences. In our work, Mitja was highly efficient in producing embryos from anthers but showed a very low frequency of green plants (6%) when the standard two-step protocol was used. Hence, we have focused on the modification of the culture media and methods for improvement of green plant recovery in this agronomically important cultivar.
In this paper, we report an improved protocol for recovering more green plants via anther culture. Increased shoot and root growth was also seen using the new protocol.
MATERIAl ANd METHodS

Plant Material
Seeds of the spring barley cultivar Mitja were provided by Lantmännen SW Seed, Svalöv, Sweden, and sown in pots in a commercial greenhouse potting mix (S-jord, Hasselfors Garden, Örebro, Sweden). The plants were grown in a greenhouse at 22 to 25°C with a 16:8 h day/night photoperiod with supplementary light from metal halogen lamps (MASTER GreenPower CG T 400W E40 1SL, Philips, Turnhout, Belgium and Power Star HQI-T 400W/DH, Osram, Munich, Germany) of 100 mol m -2 s -1 photosynthetic active radiation. Spikes from different plants were harvested in the emerging ear stage when the awns had just started appearing outside the flag leaf. In general, this developmental stage correlates to the mid-to late uninucleate stage of microspore development ( Jacquard et al., 2003; Szarejko, 2003) . If possible, spikes were collected from the main tiller of the plant. However, if the spike of the main tiller had already passed the emerging ear stage, spikes from other vigorous tillers were used. At each harvest, the microspore development stage was checked in random samples of anthers to confirm the mid-uninucleate stage of development.
Pretreatment of Spikes
The spikes with flag leaves were excised just beneath the inflorescence node and kept in beakers containing a solution with 5.0 mg L -1 CuSO 4 .5H 2 O and 62 g L -1 mannitol in the dark at 4°C for 4 d. The spikes were then removed from the flag leaves under a sterile hood and kept in sterile dry Petri dishes (90 by 20 mm). A small amount of water kept in a separate dish (55 by 15 mm) was placed within each Petri dish to raise the humidity. The plates were sealed with parafilm and kept at 4°C for 9 d in the dark.
Culture Media and Culture Methods
Step 1 -Induction Anthers from spikes taken from different plants at the tillering stage were aseptically separated and placed on embryo induction medium (C3 in Table 1 ; Jacquard et al., 2003) prepared in Petri dishes (90 by 20 mm). Surface sterilization was not needed, as contamination was not a problem in our studies. Anthers were taken from all florets at the bottom, middle, and top positions of the spikes and placed on each medium according to the corresponding floret positions. For generating embryos for the subsequent transfer (Step 2), batches of 15 spikes were dissected and 20 anthers were placed in each Petri dish. Five Petri dishes were used for each treatment. The plates were sealed with parafilm and incubated in the dark at 23°C for 18 d.
Step 2 -Regeneration Treatment I
The embryo-producing anthers from different floret positions were randomly picked and transferred to three different regeneration media (M1, M2, and M3 in Table 1 ; M1 was as in Jacquard et al., 2003 but M2 and M3 were modified) prepared in Petri dishes (90 by 20 mm). The modified media, M2 and M3, had lower concentrations of ammonium nitrate than the standard media M1. They also differed from the M1 medium in their iron and carbohydrate source, vitamin content, and gelling agent. The glutamine concentration was higher in M3 than in M1 and M2. Medium M3 had also a higher concentration of casein hydrolysate (phosphoproteins) than M2. Again, care was taken to place the embryo-producing anthers on the new media according to the corresponding floret positions. These cultures were incubated under 15 µmol m -2 s -1 photosynthetic active radiation provided by cool white fluorescent tubes (T5 HO constant FQ 54W/840 Lumilux, Osram) at 25°C for 12 to 16 d.
Step 3 -Regeneration Treatment II
Embryos that produced green shoots in M3 medium were transferred to the shoot and root growth medium (SR) described in Table 1 and M1 medium prepared (10 mL per tube) in glass tubes (20 by 150 mm). By using our previous experience with several plant species for inducing root and shoot growth, we developed the SR medium for barley. Since the M3 medium produced the largest number of green shoots, these shoots were used in the subsequent growth study. The shoots were randomized when transferred to the SR medium and there were 10 tubes for each medium. The cultures were grown under 90 to 100 µmol m -2 s -1 photosynthetic active radiation provided by cool white light tubes (T5 HO constant FQ 54W/840 Lumilux, Osram) at 24°C. After 7 to 12 d, the plants were acclimatized in the greenhouse and grown in pots with commercial greenhouse potting soil (S-jord, Hasselfors Garden).
Evaluation of Plantlets
The regeneration frequency of green plantlets was scored as the number of green plantlets as a proportion of the total number of plantlets in each Petri dish 16 d after the regeneration treatment in Step II. Furthermore, the plant height and the number of roots (>2mm) produced were scored on the green plantlets. For determination of the ploidy level, extracts from pieces of young leaves were analyzed using a flow cytometer (CyFlow
Statistical Analysis
The data were recorded using each Petri dish or tube as a separate replication. Residuals for each trait, the percentage of green plantlets, plant height, and number of roots were checked for deviations from normality. All traits showed normally distributed residuals and therefore the percentage of green plantlets was analyzed with a parametric one-way ANOVA. A t test was used to test for significant differences between the two media (SR and M1) regarding plant height and number of roots. The analyses were done with the statistical software Minitab version 17 (www.minitab.com, accessed 18 Aug. 2015).
RESulTS ANd dISCuSSIoN
In the current study, as well as in many studies on various crops, albinism has been highlighted as a major constraint in production of DH lines. Although the process leading to albinism is not fully understood, it is suggested to be related to changes in the endogenous hormonal balance in the early phase of embryo development and the physiological state of plastids in the microspores (Kumari et al. (2009) and references therein). Poorly formed and disorganized thylakoid membranes are found in the plastids of albino plants, showing that the proplastids have not been differentiated into functional chloroplasts. The treatment and composition of induction and regeneration media at the early stage of microspore development are therefore critical for proper embryo formation and green plant recovery ( Jähne et al., 1991; Scott and Lyne, 1994; Caredda et al., 1999 Caredda et al., , 2000 Wojnarowiez et al., 2004; Lazaridou et al., 2005; Jacquard et al., 2006; Santra et al., 2012) . In barley, several quantitative trait loci have been identified for green plant recovery (Chen et al., 2007; Munoz-Amatriain et al., 2009) . However, nuclear genes and also genes in the chloroplast genome both control the occurrence of albinism (Kumari et al., 2009) . The phenotype of the trait is also influenced by external factors such as the culture's environmental conditions (e.g., temperature and light) and culture media.
Green Plant Recovery
Pretreatment of spikes in cold conditions, combined with osmotic stress by adding carbohydrates such as mannitol and sucrose to the incubation media, has been found to reduce the frequency of albino plants (Wojnarowiez et al., 2004; Jacquard et al., 2006) . Other environmental stresses such as low light intensity during early embryo formation has increased green plant recovery in anther culture of timothy (Phleum pratense L.) forage grass (Guo et al., 1999) . Moreover, anther culture with hormones (plant growth regulators) increased green plant recovery in DH plants of wheat (Triticum aestivum L.) (Broughton, 2008) . Reduced albinism was also found in barley when CuSO 4 .5H 2 O was added to the anther culture media (Wojnarowiez et al., 2002) . However, even though we considered these factors in the process Ploidy Analyser, Partec GmbH, Münster, Germany). The protocol followed was according to the Partec technical data sheet (CyStain UV Precise P, Code No: 05-5002, Partec). Young leaves of plants grown from seeds were used for controls. of producing DH barley plants, a very low frequency of green plants was found in the spring cultivar Mitja.
A standard and widely practiced method for barley anther culture involves a two-step protocol in which an embryo-induction medium (C3 in Table 1 or similar) and a regeneration medium (M1 or similar) are included (Kao et al., 1991; Datta, 2001; Wojnarowiez et al., 2002; Jacquard et al., 2003; Szarejko, 2003) . The new, improved culture method we have reported here involves a threestep protocol after the pretreatment of spikes, including an additional intermediate step in the first of two regeneration media (Regeneration Treatment I). The new protocol reduced albinism from 94 to 58% in Mitja (Table 2) .
When comparing three different media in the additional treatment step (Regeneration Treatment I), the percentage of green plantlets was significantly higher in media M2 and M3 than in the standard medium M1 (Table 2 ; p < 0.05, one-way ANOVA) and the highest conversion to green plantlets was found in M3 (Fig. 1a) . As double concentrations of glutamine and casein hydrolysate in M3 were the only differences between the two modified media (M2 and M3), our results suggest that the green plant conversion was positively influenced by the higher concentration of either one or both of these two organic components. Considering that the glutamine concentration was the same in both M1 and M2, whereas the casein hydrolysate was lacking in M1, which generated the highest frequency of albino plants, the casein hydrolysate rather than the glutamine concentration seems to have had a significant effect on green plant recovery. The concentration of casein hydrolysate is rarely reported as one of the important factors influencing albinism in the production of DH barley (Kumari et al. (2009) and references therein). Other differences in the content between media M1 and M2 and between media M1 and M3, such as the sources of carbohydrates and iron and the concentration of ammonium nitrate, may also have influenced green plant recovery. A medium containing high levels of amino acids but lacking inorganic N produced embryogenic callus in cell aggregates and protoplasts from anther culture of tritordeum [a hexaploid derived from a cross between the wild barley relative Hordeum chilense Roem. & Schult. and durum wheat (Triticum turgidum L. subsp. durum [Desf.] Husn.)] (Barcelo et al., 1994) .
Embrogenic Capacity
We also noted that large and well developed embryos were formed when M3 medium was used. In addition, excess callusing was reduced, which assisted proper embryo formation and helped to prevent embryo malformation. Culture periods longer than 18 d in the induction medium encouraged excess callusing on already formed embryos, which resulted in poor embryo and plant recovery.
Anthers from florets on the central position of barley spikes are often used in anther culture (e.g., Cistué et al., 1999; Jacquard et al., 2006) . These florets show more synchronized development compared to florets on other positions on the spike (Szarejko, 2003) . Using florets from top, central, and bottom positions on the spikes, we found, interestingly, that anthers from different positions had a similar ability to produce embryos and subsequently green plants. This enables effective production of DH plants.
In addition, Jacquard et al. (2006) found that the position of the tiller affects green plant recovery, where the anthers from the spike on the second tiller generated the highest frequency of green plants. To reduce the possible effect of spike position, we collected spikes at the same developmental stage at different positions of the plants. Anthers from the spikes at different tiller positions were used in each of the three different regeneration media evaluated in this study.
Root and Shoot development
Medium SR outperformed M1 in recovering strong, fastgrowing plants in our study (p < 0.05, t test; Table 3 ; Fig.  1b) . Ten albino plantlets were tested along with the green plantlets under the same conditions to check their rooting capacity, but they failed to produce any roots (Fig. 1b) . The 1-naphthaleneacetic acid used in the SR medium in our study has been reported to be efficient in inducing root initials in barley (Castillo et al., 2000) and in several more recalcitrant species such as Malus (Maloideae) and Atropa (Solanaceae) (Hartmann et al., 2002; Asha Rani and Prasad, 2014) . The Murashige and Skoog (1962) nutrients used in the SR medium are known to promote plant 
Ploidy level
The ploidy analysis of samples from 30 of these plants from both in vitro and greenhouse conditions indicated that close to 95% plants were spontaneously DHs and the remaining 5% were tetraploids. There were no haploid plants in the samples analyzed. Our results are in agreement with reports on barley plants generated via anther or microspore culture (Kasha et al., 2001; Li and Devaux, 2003; Mirzaei et al., 2011) . These reports indicate that spontaneous chromosome doubling in barley anther and microspore culture is a common feature when spikes are pretreated with, for example, cold and mannitol. Thus the current study also provides an efficient method for generating large number of spontaneously DH plants without the use of inducing agents such as colchicine.
growth. In addition, according to our previous experience, plant species such as Malus and Atropa produced more roots and grew faster in media solidified with Gelrite (Merck and Co., Rahway, NJ). This gelling agent may therefore have had an additional effect on the increased root formation and shoot growth found in the present study.
The total time involved in the current protocol for producing green plantlets from anthers (25-30 d) and well-rooted strong plants ready for transplanting (7-12 d) was much shorter than when the standard two-step protocol was used (>50 d). In other reports when the two-step protocol was used, the cold pretreatment itself was as long as 28 to 42 d (Pickering and Devaux, 1992; Hou et al., 1993; Guasmi et al., 2013) . The shorter time aspect in our study is an added advantage of the improved protocol proposed. Plantlets transferred to soil grew well with 100% recovery. They flowered and set seeds in the greenhouse and showed similar growth efficiency and morphology as plants grown from seeds (Fig. 1c) . 
CoNCluSIoNS
The production of DH lines provides an efficient way to generate plants with identical genotypes where all loci are fixed in a homozygous state in nonvegetatively reproducing species. These lines are important tools in research and breeding. They are crucial for developing mapping populations for genetic analyses and identification of genetic markers used in marker-assisted breeding and they are also directly used as breeding material in crop improvement. However, albinism is a major constraint in DH plant production in many crops. The efficiency in green plant recovery is genetically controlled and large variation is found among genotypes. The combined genetic and external effects on green plant recovery make it less likely that we can develop an efficient standard method for DH plant production in all barley genotypes. Here, we have presented an improved culture method for the agronomically important Northern spring cultivar Mitja, which had a very low frequency of green plants when using a standard method for producing DH lines. By including an intermediate step in the protocol, where casein hydrolysate was added to an intermediate regeneration medium, the frequency of green plants was increased from 6 to 42%. In addition, shoot growth and root formation were significantly increased in the SR medium compared to the standard media reported in the literature. Our modified method of enhancing the recovery of green plants in this cultivar has merit for testing with other recalcitrant genotypes both in anther and isolated microspore cultures. 
